Ethoxyquin phosphate (EQ-P) and ethoxyquin hydrochloride (EQ-HCl) were synthesized and studied for genotoxic and antioxidant activities with the use of comet assay and micronucleus test performed on human lymphocytes. The results were compared with the activities of the earlier studied ethoxyquin (EQ; 1,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline), a strong antioxidant used mainly as a preservative in animal feeds. Study has demonstrated genotoxic activity of EQ salts in the comet assay performed on human lymphocytes but micronucleus test indicated that the substances are safe to use. EQ salts were significantly less effective in inducing DNA fragmentation than EQ. The protective effects of the studied compounds against H 2 O 2 -induced DNA damage were also observed only in the comet assay. The antioxidant activity of EQ-HCl was slightly higher than that of EQ-P but the difference was not statistically significant. On the other hand, both EQ salts were weaker protectors from the effect of H 2 O 2 than EQ itself.
Introduction
Ethoxyquin (EQ, 1,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline) is a synthetic antioxidant widely used mainly to preserve vitamins and lipids in animal feeds, but also as a preservative in dehydrated forage crops, as an antiscald agent in pears and apples, and as a color preservative in spices. 1 EQ is the cheapest and most effective in extending the shelf life of animal feeds and FDA (Food and Drug Administration, USA) approved it for use at 150 parts per million. 2 EQ has mice; the animals were fed ground feed containing commercial EQ, EQ-HCl or no additive. The comparison of EQ and EQ-HCl effects showed that the animals in EQ-HCl group initially lost weight less than the EQ-group, but then gained it faster. 6 It was also shown that EQ-HCl provided protection against toxic doses of pyrrolizidine alkaloids, and its activity was comparable to that of commercial EQ. 4 In our laboratories we have undertaken studies on cytotoxic, genotoxic and antioxidant activities of EQ (purity > 97%) and new potential antioxidants (including different EQ salts) 7, [9] [10] [11] after reports on harmful health effects observed in animals fed with EQ-containing feeds. 1, 3, 12 The biological properties of EQ were evaluated on human lymphocytes as studies on mammalian and human cells were recommended. 12 The search for new antioxidants which could be used as preservatives to replace EQ were also conducted by others scientists. 13, 14 Our earlier in vitro studies showed that cytotoxicity of ethoxyquin salts (phosphate and hydrochloride) differed from that of pure EQ. 10 In the MTT test performed on human lymphocytes with the use of EQ, EQ-HCl and EQ-P IC 50 values (the compound concentrations that effectively inhibit 50% of cell growth) were determined after 72-h treatment. 10 It was shown that cytotoxic activity of EQ-HCl was only slightly lower than that of EQ (IC 50 : 0.13 mM and 0.09 mM, respectively), but when EQ-P and EQ were compared the difference was more significant (IC 50 for EQ-P was 0.8 mM). 10 The activities of EQ and its salts were also evaluated by the use of the TUNEL method detecting the fragmented DNA of apoptotic cells labeled with fluorescein at 3'-OH ends. 10 EQ induced significant increase in the number of apoptotic cells with fragmented DNA when it was used at the concentrations of 0.05, 0.1, 0.25 and 0.5 mM (the respective percentages of apoptotic cells were 3.6, 8.2, 42.4 and 83.0). 10 After treatment with EQ salts an increase in the number of apoptotic cells was noted only for EQ-HCl used at the concentration of 0.5 mM (5.2% of apoptotic cells).
In the present study the genotoxic and antioxidant potentials of EQ-P and EQ-HCl were investigated by the comet assay and micronucleus test. To our knowledge there are no published modifications (solvent, synthesis, purification). EQ was obtained from 0.5 mol (68.6 g) pphenetidine (4-ethoxyaniline) and 0.3 mol (17.4 g) acetone, 0.6 mol (69.7 g) diacetone alcohol (4-hydroxy-4-methyl-2-pentanone), 100 mg p-toluenosulfonic acid, by heating in 200 mL toluene with the use of Dean-Stark apparatus over 6 h. The mixture was heated at 130 O C (oil bath, 3h) and then toluene and water were removed from it. The trace of reagent (4-ethoxyaniline), solvent and excess of mesityloxide (4-methyl-3-penten-2-one) also were removed by steam distillation. EQ was separated by the use of Büchi apparatus (Kugelrohr redistillation; 0.1 mm Hg) and a light yellow liquid (n D 20 1.570) was obtained (45.6 g; yield 42%). Part of the product was dimer -1,8'-bis (1,2-dihydro-6-ethoxy-2,2,4-trimethylquinoline), and some part of it was a black polymeric solid. The blue fluorescent band from TLC identified a yellow solid as 2,4-dimethyl-6-ethoxyquinoline (m.p. 85-87°C). Then EQ was purified and converted to a crystalline, stable EQ-HCl or EQ-P (Scheme 2). The EQ salts were obtained in the reaction of EQ (yellow oil; 2.17 g, 0.01 M) in water-acetone solution (1/4 v/v, 30 mL,) with concentrated hydrochloric (0.011 M, 37% water solution, wt./v) or phosphoric acid (0.011 M, 85% water solution, wt./v). The solutions were heated to 55°C and mixed with activated carbon (0.1 g/mL; 1h). The hot solutions were filtered off and concentrated under reduced pressure to about 15% of initial volumes and then additional acetone was added (50 mL). After cooling (5°C, ice-water bath) EQ salts slowly crystallized from water/acetone. The products were collected by filtration, washed with cold acetone (2 x 30 mL) and air-dried to give EQ-HCl (1.95 g, yield 76.8%) or EQ-P (1.72 g, yield 54.5 %). EQ salts were then recrystallized from methanol.
The regenerated free base (EQ) from the EQ-HCl was further purified by silica gel column flash chromatography to remove several minor contaminants, and the pure EQ was immediately converted into analytical salts (EQ-HCl and EQ-P). EQ and its salts were kept in low temperature (-20 o C) to prevent their oxidation. Analytical samples of EQ-HCl or EQ-P (1 g)
were obtained by lyophilisation from water solutions (10 mL) with the use of high vacuum system. Scheme 2. Chemical structure of EQ salts.
Biological assays
In the study the comet assay (single cell gel electrophoresis assay, SCGE) 16 and the micronucleus test (the cytokinesis block micronucleus assay, CBMN) 17 were used to examine genotoxic and antioxidant activities of EQ salts. The comet assay is a method for the detection of DNA damage in interphase cells, and it is especially sensitive in detecting DNA single-strand breaks, alkali-labile damage and excision repair sites in individual cells. 16 The micronucleus test is a cytogenetic method detecting chromosomal changes like acentric chromosome and chromatid fragments or chromosome lagging in anaphase. 17 Chromosomal aberrations in this test are expressed as micronuclei (MN) and they are scored in proliferating binucleated cells (after application of cytokinesis block with the use of cytochalasin B). In the micronucleus test the cell division kinetics can be also estimated as a cytokinesis block proliferation index (CPBI) is calculated.
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To examine the ability of EQ-P or EQ-HCl to cause DNA damage, toxicity was evaluated in preliminary studies since it also may cause DNA damage; it was evaluated by the standard viability assay using the trypan blue exclusion test. 19 It was shown that cell viability of all the dose-samples was greater than 95%. In Table 1 the results of genotoxicity studies are presented and they are expressed as the mean values of Olive tail moment (OTM, the product of the distance between the center of gravity of the head and the tail, and percent of tail DNA). 20 Dosedependent increases in damage level were seen (r = 0.72 and r = 0.76, respectively). EQ-HCl was a slightly stronger inducer of DNA damage than EQ-P, but the difference was not statistically significant. a Data are reported as mean values (± S.E.M.) of OTMs. * Statistically significant relative to the negative control (P < 0.05).
In Table 1 the comparison of the results of the studies on genotoxicity of EQ-P or EQ-HCl with those obtained earlier for pure EQ (97%) in the comet assay 9 is also made (the ratio of the mean values for EQ and EQ salt is given). It is clearly seen that EQ was a stronger inducer of DNA damage than EQ salts. After using the concentration of 25 µM (the highest dose studied) the mean OTM value observed after EQ treatment was over 4-fold greater than that obtained for EQ-P and over 3-fold greater than that for EQ-HCl. Figure 2 shows the distribution of the cells with different levels of DNA damage. Similar effects of both compounds can be seen. After the treatment with EQ salts cells with OTM ≤ 5 always predominated (more than 75%). The treatment of the lymphocytes with increasing doses of EQ-P or EQ-HCl caused increase in the number of cells with more fragmented DNA; majority of these cells were characterized by OTM values between 5 and 15. The results obtained earlier for EQ 9, 21 showed that after treatment with this compound the percentage of the least damaged cells (OTM ≤ 5) was always lower than 60. The lower genotoxicity observed for EQ salts in comparison with EQ is an advantage for compounds used as preservatives. Similar results were observed earlier for other salts of EQ studied with the comet assay (EQ ascorbate, EQ salicylate, EQ n-hexanoate, EQ salt of Trolox C); 7 after EQ salts treatments the genotoxic effects were observed, but the genotoxic potentials of the EQ salts studied were lower than that of EQ. 7 It is known that in the presence of oxygen EQ can be oxidized a little, but the products of its oxidation have also antioxidant activities; 22 it is one of the reason its high antioxidant efficiency.
Processes of oxidation in EQ molecule occur among others at N atom and as a result aminyl radical can arise (unpublished results); it can cause cytoxic or genotoxic effects. Converting EQ in the form of salt eliminates that possibility to some degree. It can be a possible reason of lower cytotoxic and genotoxic activities of EQ salts in comparison with EQ. The data presented in Table 2 show a protective activity of EQ salts. The protective effect after EQ-P treatment was observed only when it was used at the concentration of 10 µM while after EQ-HCl treatment the protective effects were also observed after its lower concentrations (1 and 2.5 µM). Moreover, the reduction in DNA damage level, showing antigenotoxicity, was always greater after EQ-HCl treatment, especially when the compounds were used at the concentrations of 1 and 2.5 µM, but the difference was not statistically significant (Table 2) .
Antioxidant activities of EQ salts (EQ-P and EQ-HCl) were significantly weaker than that of pure EQ. 9 The mean DNA damage reduction (the mean from all concentrations used) after EQ-P and EQ-HCl treatments was 32.0% ± 2.9 and 42.7% ± 2.8, respectively, while after EQ treatment it was 66.1% ± 2.6; 21 so these studies showed that EQ salts (phosphate and hydrochloride) did not protect the cells against H 2 O 2 -induced damage so efficiently as EQ. It is not in accordance with the results obtained by Kim 6 who stated that the protective effects of EQ-HCl were comparable to those of EQ, but the protective effects of these compounds were analysed against toxic doses of pyrrolizidine alkaloids in experiments in vivo. [(mean score in A -mean score in B)/mean score in A-mean score in C) x 100], where A is the treatment with H 2 O 2 , B is the treatment with H 2 O 2 plus the tested compound, C is the negative control. * The statistically significant difference in comparison with the negative control (P < 0.05). ** The statistically significant difference in comparison with the H 2 O 2 treatment (P < 0.05).
On the other hand, Skolimowska and Wędzisz 23 analysed the influence of these antioxidants on bacterial cell growth and showed higher effectiveness of EQ in comparison with EQ-HCl. The micronucleus test revealed that EQ salts neither induced an increase in micronuclei number nor influenced cell divisions significantly ( Table 3 ). The numbers of micronuclei observed after treatments with EQ salts in both donors were always at the negative control level. The values of CPBI did not differ significantly from the control values as well.
In the micronucleus test many genotoxicants are positive when they are used above the concentration where the cytotoxic effects may be observed. In the present study the dose of 50 µM was the highest concentration used although cytotoxicity studies with EQ salts showed that EQ salts, especially EQ-P is not so cytotoxic as pure EQ. Despite relatively low cytotoxicity of EQ-P observed earlier after using higher concentrations than 50 µM, 10 cytotoxicity was significant, as not enough cells for analysis with well preserved cytoplasm were obtained. It could be caused by longer treatment (48-h) than in the trypan blue exclusion test (24-h) performed earlier, 10 which influenced the stability of cell membrane.
The results of antioxidant activities of EQ-P and EQ-HCl. H 2 O 2 (Table 4) caused an increase in the number of micronuclei and it was observed in experiments performed with cells both donor A and donor B. The treatments with EQ salts led only to a slight, statistically insignificant, reduction in the micronuclei number in comparison with the positive control (H 2 O 2 ), contrary to pure EQ which used at the concentrations of 5 and 10 µM was significantly antioxidative. 9 Simultaneous treatment of the cultured lymphocytes with H 2 O 2 and EQ salts did not influence kinetics of cell divisions, since the values of CPBL were not significantly different from the control. The results obtained in the micronucleus test for EQ salts were negative (similarly as for pure EQ studied earlier 9 ), as they did not induce increase in the micronuclei number, but in the comet assay induction of DNA fragmentation by the compounds was observed. The different results obtained in the two tests used in the studies were undoubtedly caused by their different sensitivity; it has earlier been shown that the micronucleus test was less sensitive in detecting low levels of DNA damage than the comet assay. 24 It is also known that the proliferating cells have higher repair capacity than those in G 0 phase of the cell cycle, 25 so primary DNA lesions detected in the comet assay, which probably also took place in the micronucleus assay, could be repaired.
In conclusion, our present and earlier results, in which lower cytotoxicity of EQ salts in comparison with EQ 9 was observed, showed that converting EQ into salts (phosphate and Reactions were monitored by TLC, carried out on 0.2 mm Merck silica gel plates (60 F 254 ) using UV-light, column flash chromatography was carried out on Merck silica gel 60 (0.040 -0.063 mm). All reactions were performed under argon in oven-dried glassware. 137.6 (EQ-C-4); 129.5 (EQ-C-3); 128.5 (EQ-C-9); 122.8 (EQ-C-10); 114.6 (EQ-C-8); 113.6 (EQ-C-7); 111.1 (EQ-C-5) ; 64.2 (EQ-CH 2 -O); 51.6 (EQ-C-2); 30. 
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Biological assays
The tests were performed with the use of lymphocytes isolated from peripheral blood of healthy female non-smoking donors. The isolation of lymphocytes was performed by centrifugation in a density gradient of Histopaque 1077 (Sigma) for 15 min at 280 x g. The viability of the isolated lymphocytes was measured by trypan blue exclusion assay with the use of 0.4% trypan blue reagent (Sigma).
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The compounds studied were dissolved in the RPMI 1640 medium (Sigma) directly before the use.
To perform genotoxicity studies with comet assay the isolated lymphocytes (2 x 10 5 cells/mL)
were treated with the tested compounds (1h at 37°C) at the final concentrations of 1 -25 µM. To evaluate the antioxidant activity of EQ salts (comet assay) they were added to the lymphocyte suspensions (2 x 10 5 cells/mL) at the concentrations ranging from 1 to 10 µM. Immediately after this (within 5 minutes) the cells were treated with hydrogen peroxide (final concentration: 10 µM) for 5 min on ice. After the treatment the cells were washed in PBS (Sigma) and the viability of the lymphocytes was determined with the use of 0.4% trypan blue reagent. 19 The comet assay was performed basically according to Singh et al. 16 The lymphocytes suspended in 0.75% low melting point agarose (Serva) were spread onto microscope slides precoated with 0.5% normal melting point agarose (Serva), covered with coverslips and placed on ice for 5 min. After removing the coverslips the cells were lysed for 1 h at 4 o C in a buffer consisting of 2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% N-lauroylsarcosine (pH 10) and 1% Triton X-100 (all chemicals from Sigma) added just prior to use. After the lysis, DNA was allowed to unwind for 30 min (4°C) in alkaline (pH > 13) electrophoresis buffer (1mM EDTA, 300 mM NaOH). Electrophoresis was conducted at 25 V (0.73 V/cm) and 300 mA for 23 min. The slides were then neutralized with 0.4 M Tris-HCL (pH 7.5, 15 min,4 o C), dried and stored for analysis. The slides were stained with DAPI (1 µg/ mL) and the analysis was performed using fluorescence microscope (Olympus BX60F5, 360 nm filter). Image data were analysed using CASP software. 18 Fifty cells were randomly selected and analysed from each sample. In each of two experiments 100 cells (50 cells from each sample) were used to evaluate DNA damage for each concentration of the tested compound. The values of Olive tail moment (OTM, the product of the distance between the center of gravity of the head and the tail, and percent of tail DNA) were analysed. 20 Differences between the comet assay mean values were tested for statistical significance using Student's t-test. The cytokinesis block micronucleus assay was carried out according to the method proposed by Fenech 17 with slight modifications. Isolated lymphocytes obtained from two donors were placed in RPMI 1640 medium (about 0.8 x 10 6 cells/mL) supplemented with 15% of foetal calf serum (sigma), 1% of penicillin/streptomycin solution (Sigma), 1% of phytohaemagglutinin M (Difco) and incubated for 24 h at 37°C. For genotoxicity studies EQ salts dissolved in RPMI 1640 medium were added to lymphocyte cultures (final concentrations: 5-50 µM) at 24 h and maintained until cell harvest (the total culture time was 72 h). The concentration of 50 µM was the highest studied concentration because of toxicity effects observed after higher doses of EQ salts, after which the cell divisions were reduced and only few cells with well preserved cytoplasm were obtained to analysis. To analyse antioxidant activity of the tested compounds hydrogen peroxide (H 2 O 2 ; Sigma) at the final concentration of 75 µM was added to the cultures simultaneously with EQ salts (5-50 µM). Cytochalasin-B (4.5 µg/mL; Sigma) was added to the cultures 44 h after PHA stimulation. The cultures were harvested 28 h later, giving a total culture time of 72 h. Cells were suspended in 75 mM KCl for about 3 min and then fixed in methanolacetic acid ( 
